Summary: Durable local control of irradiated cancer and distant abscopal effects are presumably immune mediated. To evaluate the role of radiotherapy (RT) for limited progression after anti-CTLA4 checkpoint inhibition, medical records of all patients with surgically incurable stage III or IV melanoma from a single institution who received ipilimumab as first-line immunotherapy and subsequent RT were reviewed. Sixteen patients who received RT to all sites of limited melanoma progression were analyzed. Eight patients with an incomplete initial response to ipilimumab received RT to new or progressive disease, whereas the remaining 8 patients with a complete initial response to ipilimumab received RT to sites of subsequent recurrence. The median interval from ipilimumab initiation to start of RT was 30 weeks (range, 15-130 wk), a timeframe where delayed response to ipilimumab is rare. The RT dose was predominantly 30 Gy in 5 fractions (41%) or 36 Gy in 6 fractions (26%). Brain radiation was limited to stereotactic radiosurgery in a single patient. The median local control with RT was 31.4 months. The median disease control was 18.7 months, defined as the interval from completion of RT to the start of additional systemic therapy known to impact survival (anti-programmed death-1 or targeted BRAF therapy), hospice enrollment, or death. The overall survival at 1 and 2 years was 87% and 61%, respectively. Seven patients (44%) had no evidence of melanoma at median follow-up of 29.5 months since completion of RT with no additional therapy. This series supports use of RT to limited sites of progression following ipilimumab as an alternative to other systemic treatments such as anti-programmed death-1 antibodies.
D
espite marked progress in recent years with BRAFtargeted therapy and immune checkpoint inhibition, stage IV melanoma remains a largely incurable disease. Approximately half of melanomas harbor BRAF codon 600 mutations targetable with combined BRAF and MEK kinase inhibitors. 1 Although initial response rates are impressive, median progression-free survival is less than a year, and approximately 20% remain progression free at 3 years consisting predominantly of those with relatively low tumor burden at baseline. [1] [2] [3] Ipilimumab, an anti-cytotoxic T-lymphocyte antigen (CTLA)-4 monoclonal antibody, was the first immune checkpoint inhibitor approved for advanced melanoma on the basis of improved overall survival in randomized phase III trials. 4, 5 In the initial phase III trial, single-agent ipilimumab produced an overall response rate of 11% with an additional 18% achieving stable disease 12 weeks from therapy initiation. 4 Mean time to response was 12 weeks. None with progression at 24 weeks later responded, and only 6% of patients initially achieving stable disease experienced delayed objective response beyond week 24. Thus, the majority of ipilimumab responses occur in <3 months. Delayed responses to ipilimumab beyond 6 months are rare, and those progressing at 6 months virtually never subsequently respond. Among those achieving objective response following ipilimumab, 66% progressed within 2 years. 4 Recent pooled analysis of long-term survival data from phase II and phase III trials of ipilimumab in 1861 patients with advanced melanoma demonstrated median overall survival of 11.4 months with a plateau at 22% in the survival curve beginning around 3 years. 6 Therefore, the vast majority of patients treated with ipilimumab will require subsequent anticancer therapy. We reasoned that radiotherapy (RT) to sites of limited melanoma progression following ipilimumab could treat sites of immune escape and potentially enhance systemic immune response. This retrospective report reviews our experience with surgically incurable stage III or stage IV melanoma treated with RT to limited sites of progression in patients with otherwise good response to ipilimumab.
MATERIALS AND METHODS
Ipilimumab for surgically incurable stage III or IV melanoma was the predominant first-line therapy used at the University of Alabama at Birmingham (UAB) after Food and Drug Administration approval of ipilimumab in March 2011 for this patient population. The records of all melanoma patients over 18 years of age who received immunotherapy at UAB from August 2011 to August 2015 were reviewed. Patients were excluded if anti-programmed death (PD)-1 monoclonal antibodies were administered before or currently with ipilimumab or if whole-brain RT was necessary for palliation of extensive brain metastases. Patients who received RT to all sites of limited progressive disease after treatment with ipilimumab with no other intervening treatment were analyzed. To prevent confounding from delayed responses to ipilimumab, patients were excluded if the first fraction of RT was delivered <15 weeks from the start of ipilimumab. In those who had a complete clinical and radiographic response to ipilimumab, RT was delivered to all sites of detectable relapse. In patients with detectable, residual melanoma following ipilimumab, RT was delivered to all new or progressive sites with observation of stable and/or responding sites. Irradiation of a single site was defined as treatment that encompassed a single planning target volume. Follow-up was measured from the first day of ipilimumab infusion until the date of last clinical follow-up or death. Local control was defined as radiographic and clinical stability or regression of all lesions targeted with RT. Disease control was defined as the time from the last day of RT to the first of one of the following events: start of additional systemic therapy known to impact survival (anti-PD-1 or targeted BRAF therapy), hospice enrollment, or death. The overall survival was measured from the completion of RT. Statistical analysis was performed using SAS 9.4 software (SAS Institute, Cary, NC). Estimates of overall survival, local control, and disease control were measured using the Kaplan-Meier product limit method. 7 Cox regression analysis was used to determine hazard ratios (HRs) between subgroups. 8 A total of 16 patients were analyzed. Complete blood counts obtained within 4 weeks of RT initiation were analyzed for any correlation between total white blood count, absolute neutrophil count, absolute lymphocyte count, or eosinophilia and clinical outcomes. This study was conducted with approval from the UAB institutional review board.
RESULTS

Patient and Treatment Characteristics
Of the 16 patients analyzed in this study, the majority was male (63%) and the median age at diagnosis of metastatic or surgically incurable disease was 61 years (range, 46-85 y). Most patients (81%) had a documented cutaneous primary melanoma and the remainder had melanoma of unknown primary site. All patients with tissue available after 2013 were tested for BRAF codon 600 mutations (either at initial diagnosis or at time of metastatic progression) and 2 patients were identified as harboring a mutation. One BRAF-mutated patient received ipilimumab due to progression of disease while on BRAF-targeted therapy. No patient had known central nervous system metastases before ipilimumab.
Ipilimumab was administered intravenously at 3 mg/kg and the majority completed 4 doses (94%) with 1 patient discontinuing therapy after 3 doses due to autoimmune colitis requiring steroids. The median time from the first ipilimumab dose to the start of RT was 30 weeks (range, 15-130 wk). Half of the patients had a complete clinical and radiographic response to ipilimumab and were irradiated to the only site(s) of relapse. The other half had detectable, residual melanoma following ipilimumab, and RT was delivered to new or progressive sites with observation of stable and/or responding sites. Characteristics of the 27 irradiated lesions in our cohort of 16 patients are described in Table 1 . The most common RT dose and fractionation regimens were 30 Gy in 5 fractions (41%) or 36 Gy in 6 fractions (26%), which were delivered every other day, Monday through Friday. One patient was treated with stereotactic radiosurgery (SRS) to a dose of 20 Gy in a single fraction to 3 sites of isolated intracranial progression. Biological effective dose (BED) calculations were performed to estimate the effective total dose if delivered in 2 Gy fractions and assumed a tumor a/b ratio of 10. BED calculations were not performed for single fraction regimens due to the uncertainty of extrapolating the linear-quadratic model for nonfractionated treatments. Half of the patients were irradiated to a single site of disease. If patients were treated at >1 site of disease, it was common practice to use the same dose and fractionation regimen, although this decision was made on an individual basis. As our demographic consisted of situations where all sites of active disease were targeted with RT, it was not possible to consistently evaluate for abscopal responses at active untreated metastatic sites.
Clinical Outcomes
Most patients (n = 8) had an initial complete response to ipilimumab. Of the remaining 8 patients, 3 achieved an initial partial response and 5 had stable disease following ipilimumab. The median follow-up from initiation of ipilimumab for the entire cohort and for living patients was 25.5 months (range, 12-49 mo) and 34 months (range, 23-49 mo), respectively. Seven patients (44%) experienced a local failure at one or more irradiated lesions. The median duration of local control was 31.4 months for all patients (Fig. 1A) . Local control at 1 and 2 years was 83% and 63%, respectively, for the 8 patients where RT was delivered to all sites of progression after a complete response to ipilimumab. Corresponding local control of the treated lesion(s) was 50% at both 1 and 2 years for those with detectable, residual melanoma following ipilimumab (HR, 2.53; 95% confidence interval, 0.46-13.99) (Fig. 1B) . The median disease control was 18.7 months for the entire cohort (Fig. 2) . The overall survival at 1 and 2 years was 87% and 61%, respectively (Fig. 1C) . The overall survival at 1 and 2 years was 100% and 80%, respectively, for the 8 patients where RT was delivered to all sites of progression after a complete response to ipilimumab. For those with an incomplete response or stable disease as best response to ipilimumab the corresponding overall survival at 1 and 2 years was 75% and 47%, respectively (HR, 3.29; 95% confidence interval, 0.37-29.51) (Fig. 1D) . Seven patients (44%) had no clinical or radiographic evidence of active disease at a median follow-up of 29.5 months since completion of RT. Six of these patients received 30-36 Gy in 5-6 fractions and 1 patient with 3 brain metastases received single fraction SRS of 20 Gy to all 3 lesions. The RT schedules used in these patients are analogous to regimens selected for modern melanoma trials to enhance immune response. There has been no evidence of melanoma progression in the central nervous system or elsewhere after over 2 years of surveillance in the patient who received SRS. There was no apparent correlation between interval from ipilimumab to RT, number of irradiated sites, tissues irradiated or pre-RT complete blood counts, and clinical outcomes. Three additional patients were treated with salvage anti-PD-1 monoclonal antibodies at the time of disease progression after RT, and all have experienced continuous melanoma control for up to 22 + months. Thus, 10 of 16 patients have excellent melanoma control at this writing. There were no documented gradeZ3 radiation related acute toxicities according to the Common Terminology Criteria for Adverse Events. Imaging from representative patients treated with RT at the time of limited melanoma progression after ipilimumab as first-line immunotherapy are shown in Figure 3 .
DISCUSSION
In this small series of 16 patients treated with RT to limited sites of melanoma progression following ipilimumab, our findings of 31.4 months median local control of the irradiated disease and 18.7 months median disease control were encouraging. Furthermore, overall survival of 61% at 2 years from the start of RT for ipilimumab-patients with metastatic melanoma who have progressed after ipilimumab showed response rates of 21%-30% and median progression-free survival of 5 months. 11, 12 Thus, a brief course of RT using a hypofractionated schedule provides an attractive complementary or alternative approach to patients with limited sites of melanoma progression with otherwise good response to ipilimumab. In fact, 44% of our cohort was free of detectable melanoma at a median followup of 29.5 months following RT with no additional therapy. It should be noted that our cohort had a relatively good prognosis before RT with immunogenic tumors benefiting to varying degrees from prior ipilimumab. No grade 3 or 4 acute adverse events were observed with RT and patients were able to defer more time-consuming, costly, and toxic treatment options.
Ionizing radiation affects the inflammatory tumor microenvironment, increases antigen presentation by myeloid cells within the tumor stroma, and enhances recruitment of tumor-reactive effector T cells. [13] [14] [15] In murine models as little as a single 2 Gy fraction of gamma irradiation resulted in polarization of tumor-associated macrophages from M2 toward M1 phenotype favoring effectual cytolytic T-cell function and tumor rejection. 16 RT also expands the T-cell receptor repertoire through increased peptide pool diversity resulting from epigenetic modifications within irradiated tumor cells enhancing transcription of quiescent genes capable of priming at the treated site and recognition of much lower level antigen expression at distant tumor sites. 17 Recent dramatic advances in melanoma immunotherapy have heightened interest in the ability of RT to enhance immune response as investigators seek to define the role of radiation in modern melanoma treatment.
It is also becoming increasingly apparent that durable local control following RT for most malignancies involves induction of innate and adaptive immune responses to eliminate tumor cells surviving the direct effects of ionizing radiation. 14, 18, 19 Prior experience with RT for macroscopic melanoma metastases has shown median local control of approximately 6 months. 20, 21 Although our cohort has the favorable characteristics of prior response or disease stabilization following ipilimumab, the median local control of 31 months observed in our series was unexpected durable. Although immune enhancement by RT is an attractive hypothesis to explain the favorable outcomes reported herein, immune response analysis was not part of this study.
The abscopal effect is a phenomenon where local RT is associated with regression of metastatic cancer remote from the irradiated site. 22, 23 It has long been observed in melanoma patients and in murine models has been demonstrated to depend upon a functional immune system. 24, 25 Recent studies have examined synergy between immune checkpoint inhibitors and RT. 26 In murine models of mammary and colon cancer, a single fraction of 12 or 20 Gy, respectively, and anti-PD-L1 synergistically reduced local accumulation of tumor infiltrating myeloid-derived suppressor cells and enhanced local and distant tumor rejection. 27 Two retrospective reviews reported in the same journal have examined the effects of palliative radiation after ipilimumab in advanced melanoma patients. 28, 29 The first reported partial abscopal response defined simply as dimensional reduction of metastases outside the irradiated area in 9 of 21 patients (43%). The second paper reported that RT was associated with an improved frequency (11% vs. 25%) and rate of index lesion response outside the radiation field. Although useful for hypothesis generation, these studies shared 2 key limitations: (1) the most commonly irradiated site was the brain, a sanctuary organ from robust immune surveillance and (2) the majority of "abscopal" responses occurred within 3-6 months of ipilimumab initiation such that a portion may have represented delayed response to checkpoint inhibition. In our series, 81% of patients began RT for melanoma progression >24 weeks after ipilimumab initiation, a timeframe in which delayed response to ipilimumab alone is very rare. 4 Our 16 patient cohort could not be directly analyzed for abscopal responses as all new or progressive lesions at the time of RT were treated. However, hypofractionated RT regimens of 6 GyÂ5 (BED, 40 Gy) or 6 Gy Â6 (BED, 48 Gy) predominating in our series are similar to those used in cases of abscopal responses in humans. 26, [30] [31] [32] The median disease control of 18.7 months and 44% of our cohort NED without further therapy at median follow-up of 29.5 months were encouraging. Limitations of this study include its retrospective nature, small cohort size, and lack of uniformity in RT dose and fractionation. Although enhancement of systemic immunity by RT following at least partially successful treatment with ipilimumab is an attractive hypothesis supported by other preclinical observations, this study does not provide direct evidence of this mechanism. Selection of patients with favorable characteristics including immunogenic tumors transiently controlled by ipilimumab may have contributed to better than expected outcomes.
Use of RT to regress limited sites of immune escape following ipilimumab could logically be extrapolated to follow other immune checkpoint inhibitors such as anti-PD-1 monoclonal antibodies, which have recently received a first-line indication in advanced melanoma. In a recent letter to Nature, investigators at the University of Pennsylvania demonstrated that RT combined with anti-CTLA4 and anti-PD-1 activate nonredundant immune mechanisms in a murine melanoma model. 31 It is interesting to note that all 3 patients in our series receiving anti-PD-1 therapy after ipilimumab and RT have experienced continuous melanoma control. Although surgery would sometimes be feasible in such patients, it would often result in greater morbidity and would not be expected to enhance immunologic control of melanoma elsewhere. Clearly, therapy for widespread melanoma progression following checkpoint inhibition needs to focus on other systemic agents. However, RT should be considered for limited sites of progression in patients with otherwise good response to checkpoint inhibition as an alternative to potentially more toxic systemic treatments. The only parameter identified to correlate with improved clinical outcomes following RT was prior complete rather than incomplete best response to ipilimumab. Future prospective trials to investigate this approach and the optimal RT dose, timing of checkpoint inhibitor and RT delivery, and fractionation regimen are warranted. Such trials should include correlative laboratory studies to identify tumor and host immune parameters predictive of local and distant melanoma control.
